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Extreme hydrogen sensitivity of the transport properties of single-wall carbon-nanotube capsules
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I -V characteristics of single-wall carbon nanotubes are calculated and shown to be extremely sensitive to H
adsorption. Furthermore, this sensitivity manifests oscillating characteristics in both metallic and semiconduct-
ing nanotubes and can be attributed mainly to the changes in the transmission function induced by H adatoms
and not to the charge transfer. The results are in good agreement with a recent experimental study of hydrogen
storage in single-wall carbon nanotubes.
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The electronic structure of single-wall carbon nanotub
~SWCNs! can be either metallic or semiconducting, depen
ing on both the diameter and chirality which can be uniqu
determined by the chiral vector (n,m), wheren and m are
integers.1 More recent experiments, however, suggest
electronic properties to have extreme sensitivity to a che
cal environment. In particular, exposure to gaseous m
ecules such as oxygen, NO2, or NH3 results in orders of
magnitude change in the electrical resistivity of semico
ducting nanotubes.2,3 Some small-band-gap semiconducti
nanotubes were even observed to become metallic upon
gen dosing.2 While exposure to NO2 molecules increased th
conductance of the SWCN sample by about three order
magnitude, conductance of the SWCN sample was obse
to decrease'100-fold after exposure to NH3.

A number of factors have been attributed to be resp
sible for this including charge transfer and the presence
defects. In particular, it has been argued that the interac
of Cu with metallic SWCNs leads to a gap opening atEF ,
affecting, thus, the conduction properties of the SWC4

Similarly, charge transfer induced by NO2 and NH3 adsorp-
tion on semiconducting SWCNs is thought to alter t
change in the SWCN conductance.3 Theoretical calculations
performed on oxidized semiconducting nanotubes sug
weak hybridization between carbon and oxygen, resulting
conducting states near the band gap.5 Furthermore, a smal
charge transfer of 0.1 electron from the nanotube to e
oxygen molecule was predicted.5

Interestingly, changes in the resistivity of SWCNs we
also observed in cases where the gas adsorption~i.e., N2 ,
He, H2) does not induce any charge transfer.6,7 In such cases
the resistivity change upon gas adsorption was tentativ
assigned to changes in the electron and hole free carrier
times. Along this line of approach, we have shown recen
that Ni adatoms on metallic SWCNs induce changes in
electron scattering time which can account for the anoma
temperature dependence of the SWCNT resistivity.8

Despite all these considerations, no satisfactory expla
tion of the transport changes induced by adatoms on SW
has been given yet. It is reasonable to expect the effec
0163-1829/2001/64~19!/193401~4!/$20.00 64 1934
s
-
y

e
i-
l-

-

y-

of
ed

-
of
n

st
in

h

ly
e-
y
e
s

a-
s

of

adatoms on the electronic and transport properties
SWCNs to be an outcome of a delicate interplay among v
ous factors including the charge transfer, possible pinning
the Fermi energy, the creation of the impurity band and
location relative toEF ~Fermi energy!, etc. However, the
contribution of each one of these factors to the transp
properties of SWCNs has not been established yet. It is
parent that a quantitative understanding of their contributi
to the electronic and transport properties of SWCNs is ess
tial and timely for understanding their true intrinsic prope
ties.

In the present work, we perform a quantitative study
the effect of H adsorption and charge transfer on the tra
port properties of SWCNs by calculatingI -V curves for both
bare and H adsorbed~5,5! and~10,0! tubes. Our system con
sists of finite-length~5,5! and~10,0! SWCNs containing 150
and 164 C atoms, respectively. Both tubes are capped at
ends to avoid the influence of dangling bond effects. T
SWCNs are placed between two paramagnetic transi
metal leads~Ni with its ^001& orientation parallel to the tube
axis! which act as terminals between which a bias voltage
applied. The H-adsorbed SWCN systems investigated c
sisted of up to 12 H atoms on SWCNs. The length of t
tubes chosen is sufficiently large enough to isolate the in
ence of H adsorption on conductance while avoiding int
actions between H atoms and metal leads.

Although most previous theoretical works on quantu
conductivity have primarily dealt with infinite-length nano
tubes on account of the simplification offered in the form
ism, recent experimental works have provided evidence
transport through finite-length nanotubes.9 Rapid advances in
experimental techniques will soon enable measurement
nanotube systems consisting of a few hundred atoms a
the present work. Theoretical studies dealing with SWCNs
approximately the same size as the one used in the pre
work have already appeared in the literature.10–14

We use the familiar Landauer expression to obtain c
ductivity from the transmission functionT(E),15 which, in
turn, is obtained using the Green’s function formalism.
realistic treatment of SWCNs interacting with metal lea
©2001 The American Physical Society01-1



c

an

rk

th
te

ry
th
r
n

ap

on

ed
n-

all
well
ital
al
e
-

n’s
ce
ite

d-
-
rm
for
la-

em
ach
re-
ed

an
it-
ing

hod
is
u-
id-
that
r

g

bo

BRIEF REPORTS PHYSICAL REVIEW B 64 193401
must involve a judicious construction of the Green’s fun
tion. We use the tight-binding~TB! formulation for both the
Hamiltonian and the Green’s function. The TB Hamiltoni
consists ofNatNorb3NatNorb matrices, whereNat is the
number of atoms in the embedding subspace andNorb is the
number of orbitals on each atom. Contrary to previous wo
on quantum transport which use only onep-electron orbital
per atom, we useNorb54 for carbon, which includes 1s and
3p orbitals. Additionally, we useNorb59 for Ni ~taken to be
the material of the leads!, which includes 1s, 3p, and 5d
orbitals. This Hamiltonian has been used with success in
treatment of transition metal systems as well as their in
actions with carbon fullerenes and nanotubes.16–20

We use the TB Hamiltonian to perform full symmet
unconstrained molecular dynamics relaxation for
H-adsorbed SWCN system. Consideration of the atomic
laxation is essential since the interaction between the na
tube and hydrogen is fairly strong and can give rise to g
opening deformations.21,22 In Fig. 1 we show the relaxed
configuration of 12 H atoms on a~10,0! tube. As seen in the

FIG. 1. Relaxed geometry of~10,0! SWCN ‘‘capsule’’ with 12
H atoms adsorbed. The relaxation results in the underlying car
atom going from a planar (sp2 type! to a pyramidal (sp3 type!
configuration.
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figure, the H chemisorption results in the underlying carb
atoms going from a planar (sp2 type! to a pyramidal (sp3

type! configuration. The TB calculations are complement
by accurateab initio calculations performed using the de
sity functional theory~DFT! basedGAUSSIAN 98 program.23

Theab initio method is used to calculate total energies of
the relaxed structures considered in the present work as
as for calculating the highest-occupied molecular orb
~HOMO! and the lowest-unoccupied molecular orbit
~LUMO! energy differences~see Refs. 20 and 24 for mor
details!. Our ab initio calculations estimate the binding en
ergy of the H atom on the~10,0! SWCN to be 1.98 eV.

For calculating quantum conductivity we use the Gree
function formalism to embed the SWCN in a host latti
consisting of transition metal atoms forming semi-infin
leads at the two ends.25 A boundary surfaceS separates the
embedded system~tube! from the host lattice~leads! with the
Green’s function of the host satisfying the Dirichlet’s boun
ary condition onS.26 The lead-tube interaction is incorpo
rated through the introduction of an electron self-energy te
in the formalism. There are two self-energy terms, one
each metal lead. Although it is desirable to have the calcu
tions performed self-consistently, the size of the syst
~number of atoms as well as the use of nine orbitals for e
atom! makes this prohibitively expensive. We note that p
vious calculations, when done self-consistently, involv
only very-small-size systems~typically less than 15
atoms!.27,28 The purpose of the present work is to gain
understanding of the effect of H adsorption on the transm
tance and quantum conductance of SWCNs while keep
other factors fixed. The novel feature of the present met
is that the Hamiltonian used in calculating the conductivity
identical to the one used in performing tight-binding molec
lar dynamics simulations for relaxing all structures cons
ered as well as the use of nine orbitals for each atom
includesd electrons of the transition metal atoms. All ou
results of the TB calculations are checked byab initio ones.

In Fig. 2 we showI -V curves for the semiconductin

n

s.

FIG. 2. TheI -V curves for a semiconducting

~10,0! nanotube with up to 12 adsorbed H atom
The same legend is used for both insets.
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BRIEF REPORTS PHYSICAL REVIEW B 64 193401
~10,0! nanotube with up to 12 chemisorbed H atoms.29 The
I -V characteristics of the bare tube are denoted by the s
line. The steplike features seen in theI -V curves are now
well understood; it is the outcome of the resonant scatter
attributed to the resonance structure ofT(E) resulting from
scattering at the lead-tube contacts. In this picture, fin
changes in the bias voltage result in additional electron ba
becoming available for transmission,30 thus giving rise to
abrupt changes in the current as the bias voltage is chan
The resonance structure ofT(E) can be attributed to the
metal-tube interaction as well as to confinement and inter
ence effects which can lead to Breit-Wigner and Fano re
nances and antiresonances.31,32 As seen in Fig. 2, for low
values of the applied voltage (,2 V!, the current versus
voltage curves show oscillations as the number of adsor
H atoms increases. The initial drop in the current for 1
atom adsorption is followed by a significant drop in the c
rent for 2 H atom adsorption, while the value of the curre
for 3 H atoms is very close to the bare tube case for mos
the range of the voltage. There is a substantial increase in
current for 12 H atom adsorption.

The extreme sensitivity exhibited in quantum conductiv
on H chemisorption can be better understood by studying
behavior of the transmission functionT(E) and density of
states~DOS! in the vicinity of EF , shown in the insets o
Fig. 2. In these,T(E) and the DOS of the system consistin

TABLE I. HOMO-LUMO gap values for H-adsorbed~10,0!
tube obtained usingab initio calculations. All structures are fully
relaxed.

Structure HOMO-LUMO gap~eV!

SWCN10H 0.75
SWCN11H 0.12
SWCN12H 0.18
SWCN13H 0.06
SWCN112H 0.10
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of a bare SWCN nanotube plus the Ni leads is compa
with the DOS resulting from the adsorption of 1 and 12
atoms in the vicinity ofEF . As seen in the DOS figure
additional peaks are introduced in the gap as a result o
adsorption when compared to the bare SWCN case. For
purposes of clarity, only the results for zero, 1 H, and 12
atoms are shown for DOS. The resonance peaks belowEF of
the bare SWCN are shifted farther downward on H adso
tion. These modifications cause theI -V characteristics of the
H-adsorbed tube to exhibit a high sensitivity in the curren
low bias voltages as compared to the corresponding cur
values of the H-free tube. Furthermore, it can be inferred t
the qualitative trend found here is identical to the one o
tained using ourab initio calculations presented in Table
which contains the HOMO-LUMO gap values for H adsor
tion for SWCNs. Theab initio results show an oscillation in
the HOMO-LUMO gap on H adsorption.

In order to study the effect of chirality on H adsorptio
we calculate the conductance of metallic~5,5! tube, also with
up to 12 chemisorbed H atoms. TheI -V curves for this sys-
tem are shown in Fig. 3. As seen in the figure, in contras
the ~10,0! case, there is an increase in the current for 1
atom adsorption followed by a further increase in the curr
for 2 H atoms for the most of the range of the bias volta
There is a smaller increase in the current on 3 H atom ad-
sorption over the bare tube value, while the current for 12
atoms is close to the bare tube value. Overall, theI -V char-
acteristics are similar to that in Fig. 2, showing oscillatio
with increased H adsorption. The insets show the co
sponding transmission function T~E! and DOS for the 150-
atom SWCN ‘‘capsule’’ plus Ni atoms in contact with th
carbon atoms of the SWCN. For the purposes of clar
again, only the results for 1 H and 12 H atoms are shown fo
the DOS in Fig. 3. The transmission functionT(E) for the
1-H- and 12-H-atom cases differ significantly from the~10,0!
tube case. As seen in the figure, the chemisorption o
causes the destruction of most resonances belowEF when
he

FIG. 3. The I -V curves for a metallic~5,5!

nanotube with up to 12 adsorbed H atoms. T
same legend is used for both insets.
1-3
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BRIEF REPORTS PHYSICAL REVIEW B 64 193401
compared with the H-free case. This explains why no signi
cant increase in the current is observed for the 1-H- a
12-H-atom adsorption.

We have also performedab initio calculations for the
HOMO-LUMO gap values for neutral and charged nano
tubes. For metallic tubes, the charge transfer~positive or
negative! tends to develop a gap, while for semiconductin
tube the existing gap is decreased on charge transfer~posi-
tive or negative!, with the positive value of charge transfer
~to the nanotube! being more influential in decreasing the
gap. Theab initio calculations give a small charge transfer o
0.25e from each H to the nanotube for all cases studie
making the SWCN anionic. Since, for a metallic tube, th
tendency of charge transfer is to develop an energy gap
EF , it should contribute towards suppression of the curre
in the metallic tube. The reverse should be true for the sem
conducting tube; charge transfer decreases the energy g
providing an enhancement in the conductivity. Since the co
ductivity shows oscillations, regardless of the chirality of th
SWCN, it is reasonable to attribute the changes in theI -V
curve of the H-adsorbed tube mainly to the H-induce
changes in the resonance structure ofT(E) of the H-free tube
rather than to charge transfer effects. A similar explanatio
may be applicable in the case of contrasting behavior o
served in the conductance of nanotubes upon NO2, NH3, and
oxygen adsorption reported in recent experiments.2,3

We have also studied the same systems using the tran
Hamiltonian33 approach~THA! which is the weak-coupling
version of the present scattering approach. The results34 ob-
tained using the THA were qualitatively identical to the
present results providing an independent verification of th
oscillating behavior of the conductivity on H adsorption o
metallic and semiconducting nanotubes.
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Interestingly, a very recent experimental paper by Sum
nasekeraet al. dealing with the study of hydrogen storage
SWCNs ~Ref. 7! shows the electrical resistivity of SWCN
to depend sensitively on H adsorption. In the absence
significant charge transfer found in the experiments, the
sistivity change upon H adsorption is attributed to additio
impurity scattering induced by H. This is exactly the same
the conclusion of the present work.

It is also worth considering the effect of localizatio
caused by the H inducedsp3 defects as shown in Fig. 1 an
their effects on conductivity. Recent reports35,36 have shown
that armchair nanotubes are insensitive to disorder-indu
localization~Anderson localization!, therefore justifying the
exceptional ballistic transport properties of the these na
tubes. The present study, therefore, is valid for~5,5! nano-
tubes even though localization effects are not explicitly tak
into account. Although these effects may be valid for t
~10,0! nanotube, we do not expect localization effects to p
vent the extrapolation of our results to larger tube length

In summary, our calculations show extreme sensitivity
the quantum conductance on H adsorption on carbon n
tubes. This has been explained to be caused by additi
resonances induced by H adsorption. Furthermore, while
semiconducting SWCN exhibits a significant increase in c
ductivity on large H adsorption, the conductivity remai
essentially unchanged for metallic SWCNs on large H
sorption. These contrasting tendencies present an intrig
possibility of using H-rich environments for identifying me
tallic and semiconducting nanotubes.
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